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Materials and Methods
Oligonucleotides were purchased from Integrated DNA Technologies. S4 cpm), in HEPES (50 mM, pH 7) and NaCl (100 mM) at 37 ˚C. At specified time points, aliquots (10 µL) were removed and frozen at -20 ˚C, after all time points were collected samples were loaded directly on the gel and analyzed as described above.
Hydroxyl radical footprinting of cross-linked duplexes. Standard literature protocols were used in the footprinting of the cross-linked duplexes. 2, 3 In these experiments, the strand opposing the uracil-containing oligonucleotide was 5'-labeled using standard procedures.
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Labeled DNA was annealed with the uracil-containing complement 1 and treated with UDG to generate the abasic site as described above. The Ap-containing double-stranded DNA (~500,000 cpm) was incubated in HEPES (50 mM, pH 7) and NaCl (100 mM) at 37 ˚C for 120 h. The DNA was ethanol precipitated, suspended in formamide loading buffer, and the oligodeoxynucleotides resolved on a 0.4 mm thick 20% denaturing polyacrylamide gel. The slow-migrating cross-linked duplex band was visualized using X-ray film, the band cut out of the gel, the gel slice crushed, and the gel pieces vortexed in elution buffer (NaCl 200 mM; EDTA, 1 mM) at room temperature for at least 1 h. The mixture was filtered through a poly-prep column to remove gel fragments and the filtrate desalted using a C18 Sep-pak (100 mg size). The resulting solution was evaporated using a Speed-Vac concentrator, the residue redissolved in water (24 µL), split evenly into three microcentrifuge tubes, and diluted with 2x oxidation buffer (10 µL of a solution composed of sodium phosphate, 20 mM, pH 7.2; NaCl, 20 mM; sodium ascorbate, 2 mM; H 2 O 2 , 1 mM). To this mixture was added a solution of iron-EDTA (2 µL, EDTA, 70 mM; Fe(NH 4 ) 2 (SO 4 ) 2 •6H 2 O, 70 mM) to start the reaction, the mixture vortexed briefly, and incubated at room temperature for 1, 2, and 3 min before addition of thiourea stop solution (10 µL of a 100 mM solution in water). Hydroxyl radical footprinting reactions,
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Maxam-Gilbert G, and Maxam-Gilbert A+G reactions were performed on the labeled singlestrand to generate marker lanes. 4 The resulting DNA fragments were analyzed using gel electrophoresis as described above.
Static Nanospray QTOF MS. The oligonucleotide sample was analyzed in a 40 mM dimethylbutylammonium acetate (pH 7.1) buffer. Negative ion MS spectra was taken for mass range of 280-3200 Da on an Agilent6520A QTOF MS with Chip Cube source (G4240A).
Monoisotopic neutral masses were calculated from the multiply charged ion spectrum present in Enzymatic digestion. Duplex I was digested using a 4-enzyme cocktail following the conditions described previously. 5 Briefly, nuclease P1 (5 U), phosphodiesterase 2 (0.01 U), EHNA (20 nmol) and a 50-µL solution containing 300 mM sodium acetate (pH 5.6) and 10 mM zinc S6 chloride were added to 300 pmol of duplex I in a final volume of 500 µL. In this context, EHNA served as an inhibitor for deamination of 2'-deoxyadenosine (dA) to 2'-deoxyinosine (dI)
induced by adenine deaminase. 6 The resulting mixture was incubated at 37˚ C for 48 h. To the digestion mixture were then added alkaline phosphatase (10 U), phosphodiesterase 1 (0.005 U) and 100 µL of 0.5 M Tris-HCl buffer (pH 8.9). The digestion was continued at 37˚ C for 2 h.
Duplex B was digested using the 4-enzyme cocktail under similar conditions. Digestion with nuclease P1 alone was performed following previously published procedures, 5 where 0.2 unit of nuclease P1 (0.2 U) was added to 300 pmol of duplex I in a 500 µL water solution. The resulting mixture was incubated at 37˚ C for 2 h. The above enzymatic digestion mixture was extracted with chloroform to remove enzymes, and the aqueous layer was dried in Speed-vac, reconstituted in water, and subjected to LC-MS/MS analyses as described previously. 
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Figure S2
Figure S2. Cross-link formation in duplex B in the presence of various buffers, salt conditions, and additives. The Ap-containing duplex B was incubated for 120 h at 37 °C. The 32 P-labeled oligodeoxynucleotides were resolved on a denaturing polyacrylamide gel and the radioactivity in each band quantitatively measured by phosphorimager analysis. In the graph above, the yield of slow-migrating (cross-linked DNA) band was normalized against a reaction carried out under standard conditions (50 mM HEPES pH 7.0, 100 mM NaCl, bar 1, far left on the graph). The conditions employed for the other reactions, from left to right were: bar 2, 50 mM cacodylate pH 7.0, 100 mM NaCl; bar 3, 16.5 mM NaPO 4 , 1.8 mM citric acid pH 7.0, 100 mM NaCl; bar 4, 50 mM NaPO 4 pH 7.2, 50 mM NaCl; bar 5, 50 mM MOPS pH 7.0, 100 mM NaCl; bar 6, 50 mM Bis, 50 mM Tris pH 7.0, 100 mM NaCl; bar 7, 50 mM HEPES pH 7.0, 100 mM NaCl, 2 mM MgCl 2 ; bar 8, 50 mM HEPES pH 7.0, 300 mM NaCl; bar 9, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM GSH; bar 10, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM DTT; bar 11, 50 mM HEPES pH 7.0, 100 mM NaCl, 100 mM phenol. Figure S3. Stability of the cross-linked duplex B under various conditions. Duplex B was incubated in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 ˚C for 120 h at 37 °C, ethanol precipitated, and then subjected to various conditions. The 32 P-labeled oligodeoxynucleotides were resolved on a denaturing polyacrylamide gel and the radioactivity in each band quantitatively measured by phosphorimager analysis, and the yield of slow-migrating (cross-linked DNA) band was normalized against an aliquot that was precipitated and then resuspended in water (bar 1). Other aliquots were subjected to various work-up conditions: bar 2, 100 mM piperidine 60 °C for 15 min; bar 3, 90 °C for 15 min; bar 4, pH 3 (25 mM sodium acetate) 24 °C for 15 min; bar 5, pH 10 (25 mM potassium phthalate) 24 °C for 15 min, and bar 5, 200 mM methoxyamine at 60 °C for 30 min. Figure S4. Substitution of dC for dA at the cross-linking site abrogates cross-link formation Lanes 1-5, duplex B, lanes 6-10, duplex K. Lanes 1 and 6 contain 32 P-labeled, uracil-containing 2'-deoxyoligonucleotide duplexes. Lanes 2 and 7 contain the abasic-site-containing duplexes subjected to piperidine work-up (1 M, 95 ˚C, 25 min) to cleave the Ap site. Lanes 3 and 8 contain the 32 P-labeled UDG-treated (abasic-site-containing) duplexes without incubation. Lanes 4 and 9 contain the cross-linking reactions involving incubation of the abasic-sitecontaining duplexes in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) for 120 h at 37 ˚C. Lanes 5 and 10 contain the methoxyamine-capping reactions involving incubation of the abasic-site-containing duplexes incubated in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM), and CH 3 ONH 2 •HCl (2 mM) at 37 ˚C. The 32 P-labeled 2'-deoxyoligonucleotides were resolved by electrophoresis on a 20% denaturing polyacrylamide gel and the radioactivity in each band quantitatively measured by phosphorimager analysis. Figure S5. MALDI TOF mass spectrometric analysis of an unlabeled version of cross-linked duplex B generated by incubation of duplex B in HEPES buffer (50 mM, pH 7.0) containing NaCl (100 mM) at 37 ˚C. The cross-link was purified by preparative gel electrophoresis, desalted using a G-25 Sephadex column and ethanol precipitated. The spectrum was externally calibrated using an oligonucleotide standard with m/z of 12,378.11. MALDI TOF analysis was performed as described previously (SI citation 5).
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Figure S6 
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Scheme S1
Scheme S1. Expected furanose (top) and pyranose (bottom) isomers of the cyclic hemiaminal arising from the reaction of deoxyadenosine with deoxyribose. Figure S8. Relative yields of cross-linked DNA generated in duplex I in the presence of various buffers, salt conditions, and thiol additives. The "control" (or standard) cross-linking reaction (relative yield 100%, bar 1 on the graph) involved incubation of duplex I in HEPES buffer (50 mM, pH 7) containing NaCl (100 mM) at 37 ˚C for 120 h. These experiments examine the effects of different buffers, salts, or thiols present during the cross-linking reaction. Yields under other conditions were normalized against that obtained under standard conditions. The conditions examined were: bar 2, 50 mM cacodylate pH 7.0, 100 mM NaCl; bar 3, 50 mM NaPO 4 pH 7.2, 50 mM NaCl; bar 4, 50 mM MOPS pH 7.0, 100 mM NaCl; bar 5, 50 mM Bis, 50 mM Tris, 5 mM DTPA pH 7.0, 100 mM NaCl; bar 6, 50 mM HEPES pH 7.0, 100 mM NaCl, 2 mM MgCl 2 ; bar 7, 50 mM HEPES pH 7.0, 300 mM NaCl; bar 8, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM GSH; bar 9, 50 mM HEPES pH 7.0, 100 mM NaCl, 1 mM DTT. Figure S10. Hydroxyl radical footprinting of duplex J to locate the site of cross-link attachment (Panel A). Duplex J contains the same core sequence as that in duplex I. The slightly longer duplex J shown above was employed to move the bands at the cross-linking site out of a "saltflare" zone in the polyacrylamide gel and gives clear, sharp bands at the cross-link site. Lane 1 is a Maxam-Gilbert G-specific cleavage (sequencing) reaction of the labeled oligodeoxynucleotide strand in duplex J. Lane 2 is an A+G specific cleavage (sequencing) reaction of the labeled oligodeoxynucleotide strand in duplex J. Lanes 3-5 are the hydroxyl radical footprinting reactions of the labeled oligodeoxynucleotide strand in duplex J. Lanes 6-9 are the hydroxyl radical footprinting reactions of the slow-migrating, cross-link band generated by incubation of duplex J in HEPES buffer (50 mM, pH 7.0) and NaCl (100 mM) at 37 ˚C. The 32 P-labeled oligodeoxynucleotides were resolved on a polyacrylamide gel visualized by phosphorimager analysis (Panel A) and used to develop densitometry traces (Panels B-D). Panel B is the Maxam-Gilbert G-specific cleavage (sequencing) reaction of the labeled oligodeoxynucleotide strand in duplex J. Panel C is the A+G specific cleavage (sequencing) reaction of the labeled oligodeoxynucleotide strand in duplex J. Panel D is the hydroxyl radical footprinting reaction of the slow-migrating cross-link band.
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Figure S11
Figure S11. Nanospray QTOF MS of a cross-linked duplex containing the same core sequence found in duplex I. 
